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The humoral and CD4" cellular immune responses in mice following genetic immunization with three
retroviral vectors encoding different forms of hepatitis B virus core antigen (HBcAg) and e antigen (HBeAg)
were analyzed. The retroviral vectors induced expression of intracellular HBcAg (HBc[3A4]), secreted HBeAg
(HBe[5A2]), or an intracellular HBcAg-neomycin phosphoryltransferase fusion protein (HBc-NEO[6A3]).
Specific antibody levels and immunoglobulin G isotype restriction were highly dependent on both the host
major histocompatibility complex and the transferred gene. Humoral and CD4* cellular HBcAg and/or HBeAg
(HBc/eAg)-specific immune responses following retroviral vector immunization were of a lower magnitude but
followed the same characteristics compared with those after immunization with HBc/eAg in adjuvant. Two
factors influenced the humoral responses. First, in vivo depletion of CD8™ cells in HBc-NEO[6A3]-immunized
H-2* mice abrogated both HBcAg-specific antibodies and in vitro-detectable cytotoxic T lymphocytes. Second,
priming of H-2° mice with an HBc/eAg-derived T-helper (Th) peptide in adjuvant prior to retroviral vector
immunization greatly enhanced the HBc/eAg-specific humoral responses to all three vectors, suggesting that
insufficient HBc/eAg-specific CD4* Th-cell priming limits the humoral responses. In conclusion, direct injec-
tion of retroviral vectors seems to be effective in priming HBc/eAg-specific CD8™ but comparatively inefficient
in priming CD4™" Th cells and subsequently specific antibodies. However, the limited HBc/eAg-specific CD4™
cell priming can effectively be circumvented by prior administration of a recombinant or synthetic form of

HBc/eAg in adjuvant.

The hepatitis B virus (HBV) core and e antigens (HBcAg
and HBeAg, respectively) are important immunological targets
in the HBV-infected host. Both proteins are encoded by the
pre-C/C gene and therefore have a common sequence of 149 to
151 amino acids (aa) (39). During the viral life cycle two
different mRNAs are transcribed. A longer mRNA starting at
the first ATG of the pre-C/C gene is translated into a p25
precursor protein (1la). The p25 is translocated to the endo-
plasmic reticulum, where the carboxy-terminal 33 to 35 aa and
the amino-terminal 19 aa are enzymatically removed (27). The
mature protein containing a 9-aa amino-terminal precore sig-
nal sequence is then secreted into the circulation in a mono- or
dimeric form termed HBeAg (27). A shorter mRNA initiated
from the second ATG is translated into the 183-aa HBcAg
which assembles into the regularly structured nucleocapsid of
HBYV (4). The two proteins are antigenically distinct on a B-cell
level (5, 6, 9, 29, 31, 32), whereas they are cross-reactive on a
T-cell level (22, 23). Thus, despite the high sequence homology
between HBeAg and HBcAg, they are completely different
proteins with distinct functions in the viral life cycle. It has
been proposed that the nonstructural HBeAg acts as a tolero-
gen in utero and promotes chronicity after neonatal infection
(19). In contrast, 180 to 240 copies of the structural HBcAg
protein constitute the viral capsid encapsidating the prege-
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nome from which the partially double-stranded HBV genome
is completed (4, 39).

During recent years research has highlighted the importance
of the immune response to HBcAg and/or HBeAg (HBc/eAg).
During acute HBV infection both cytotoxic T cells (CTL) and
T-helper (Th) cells specific for HBc/eAg can be detected in the
circulation of the infected host (7). In contrast, HBc/eAg-
specific CTL and Th-cell activity is not readily detected in
chronic HBV infection, except during exacerbations or sero-
conversion from HBeAg to antibodies to HBeAg (anti-HBe)
(11, 41). During chronic asymptomatic HBV infection, there
are often no or very few serologic signs of an active immunity
against HBV (15, 16).

Treatment of chronic HBV infection has been most effective
using alpha interferon (IFN-a), which may induce clearance or
seroconversion in 20 to 30% of infected patients. Recent stud-
ies suggests that one important factor in the induced or spon-
taneous seroconversion from HBeAg to anti-HBe is the acti-
vation of HBc/eAg-specific T cells, predominantly Th cells (11,
14).

New types of viral therapeutics have included the develop-
ment of vehicles for gene delivery such as naked DNA (17, 35)
and retroviral vectors (10, 13). A major strength of this mode
of antigen delivery is that the endogenously produced antigens
prime antigen-specific CTL, which are less efficiently evoked
with exogenous antigens in adjuvant. It would also be desirable
if techniques for gene transfer which would enhance all
branches of the host immune system using the endogenous
production of the antigen could be developed. However, today
very little is known about the effectiveness of genetic immuni-
zation in eliciting a multifunctional immune response including
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antigen-specific CTL, Th-cell priming, and antibody produc-
tion. We have therefore developed three retroviral vectors
which encode three different forms of HBc/eAg and charac-
terized the humoral responses that they induce in inbred mice.
We observed that the humoral responses are highly dependent
on the combination of the molecular form, the subcellular
localization of the expressed protein, and the major histocom-
patibility complex (MHC) of the responding strain. Further-
more, we found that a major limiting factor inherent in the
retroviral vectors in inducing humoral responses is an ineffi-
ciency in priming HBc/eAg-specific Th-cell function compared
to protein in adjuvant immunization.

MATERIALS AND METHODS

Inbred mice. Inbred B10, H-2 congenic (B10 [H-2°], B10.D2 [H-27], B10.M
[H-2], B10.BR [H-2], B10.P [H-27], and B10.S [H-2*]) and C3H/He (H-2*) mice
were obtained through the breeding colony at the Scripps Research Institute. All
mice were immunized at 4 to 8 weeks of age.

Retroviral vectors encoding different forms of HBc/eAg. Three retroviral vec-
tors were produced by using different versions of the HBV pre-C/C gene. The
first, containing the complete C gene, encodes a native-like form of HBcAg
(HBc[3A4]). A second retroviral vector contains both the pre-C and the C genes
whereby the secretory HBeAg is expressed upon transduction (HBe[SA2]). A
third vector encodes an in-frame fusion protein between the complete HBcAg
sequence and a 10-aa deletion variant of neomycin phosphoryltransferase (HBc-
NEO[6A3]). The design, construction, and production of these vector have
previously been described in detail (40).

Histology. Producer cell lines were grown to confluence on tissue culture
slides. Cells were fixed by acetone and air dried. Cells were stained by hematox-
ylin and then assayed for HBc/eAg expression with a peroxidase-labelled rabbit
anti-HBc/eAg antibody (Dako Corp., Carpinteria, Calif.).

Recombinant antigens and synthetic peptides. Full-length recombinant HB-
cAg (rHBcAg) encompassing residues 1 to 183 was produced in Escherichia coli
as previously described (37). This protein assembles into particles with a diam-
eter of 27 nm. A truncated form of HBcAg lacking the 34 carboxy-terminal
residues of HBcAg and forming particles at pH 7.2 (HBeAg-7.2) but not at pH
9.6 (HBeAg-9.6) was also E. coli derived (22). HBeAg-9.6 exhibits HBeAg-
specific antigenicity when used as a solid-phase antigen (22). An alkylated mo-
nomeric form of HBeAg (P16) contains residues 1 to 150 of HBc/eAg (37). An
additional recombinant form of HBeAg containing nine residues of precore and
the 150 first residues of HBcAg was designated PCe (37).

Synthetic peptides corresponding to the HBcAg sequence (ayw and/or adw)
were produced by solid-phase peptide synthesis based on 9-fluorenylmethoxy-
carbonyl protection on the a-amino group by using manual (8, 33) or automated
(Milligen 9050 Plus; Millipore, Bedford, Mass.) procedures. All peptides were
analyzed by reversed-phase high-performance liquid chromatography. The se-
quences of the peptides have been described previously (29, 32).

Retroviral vector and protein immunizations. All retroviral vectors were di-
rectly injected in the hind footpads or intramuscularly (i.m.) at volumes of 50 to
100 pl with a 30-gauge needle. Recombinant proteins and synthetic peptides
were emulsified in Freund’s complete or incomplete adjuvant and were injected
subcutaneously (s.c.) in the hind footpads or intraperitoneally (i.p.).

Enzyme immunoassays (EIAs). Expression of HBcAg and HBeAg by the
retroviral vector producer cell lines was characterized by a commercially avail-
able assay (Sorin Biomedica, Saluggia, Italy). The amounts of HBc/eAg were
quantified with rHBcAg as a standard.

Total immunoglobulin G (IgG) and the IgG subclass distribution of anti-
hepatitis B core (HBc) and anti-HBe antibodies were determined as previously
described by using rHBcAg or HBeAg-9.6 as the solid-phase ligand at 5 or 1
wg/ml, respectively (20, 23, 24). To determine the specificity of the induced
antibodies, a limiting amount of antigen was used on the solid phase, 0.5 pg of
rHBcAg per ml and 0.1 pg of HBeAg-9.6 per ml. Otherwise, the assays were
performed as previously described (20, 23, 24).

Proliferation and cytokine assays. Groups of two to four mice were injected
with rHBcAg or PCe emulsified in Freund’s complete adjuvant i.p. or s.c. in the
hind footpads. Nine to 11 days later the mice were sacrificed, and the spleens or
draining lymph nodes (LNs) were harvested. Also, groups of two to four mice
were primed, and boosted 3 to 5 days later, with the retroviral vectors in the hind
footpads (50 pl) or im. (100 pl). The spleens and LNs of these mice were
harvested 6 to 7 days after the booster dose. Single-cell suspensions were pre-
pared in Click’s medium (3) and plated in microplates at 6 X 10° cells per well
for proliferation assays and at 8 X 10° cells per well for cytokine assays. Super-
natants were removed at 24 h for determination of interleukin-2 (IL-2), and at
48 h for determination of IL-4 and IFN-y. The plates for T-cell proliferation
were incubated for 96 h with the addition of 1 wCi of [*H]thymidine (Amersham,
Buckinghamshire, United Kingdom) for the 16 last h. The labelled cells were
harvested onto cellulose filters and quenched, and the level of [*H]thymidine
incorporation was determined with a liquid scintillation B-counter.

J. VIROL.

The presence of cytokines in culture supernatants was determined as previ-
ously described (24-26). In brief, the presence of IL-2 in supernatants was
determined by proliferation of the IL-2-sensitive NK'A cell line. The presence of
IL-4 was determined by proliferation of the IL-4-sensitive CT4.S cell line, and
the presence of IFN-y was determined by a sandwich EIA (Pharmingen, San
Diego, Calif.) (24-26).

Detection of cytokine (IL-2, IL-4, IL-10, and IFN-y) mRNA and B-actin
expression was performed by a reverse transcription-PCR. In brief, 2 X 10° cells
were cultured in the absence or presence of 5 ug of rHBcAg for 36 h in 1 ml of
Click’s medium. One microgram of the total RNA, extracted with TRIzol Re-
agent (GIBCO BRL, Gaithersburg, Md.), was transcribed to cDNA by using
Moloney murine leukemia virus reverse transcriptase (GIBCO BRL) and oli-
2o(dT);, ;g according to the manufacturer’s recommendation. The cDNA was
amplified with Tag polymerase (Promega, Madison, Wis.) by using primers
designed to amplify different cytokine mRNAs (Stratagene, La Jolla, Calif.). The
presence of an amplicon was determined by gel electrophoresis and ethidium
bromide staining.

RESULTS

Cellular localization of the HBc/eAg proteins. Staining of
expressed HBc/eAg in the DA producer cell lines for the gene
products of the three different retroviral vectors indicates that
the translated gene products localize to different compart-
ments (Fig. 1). The HBc[3A4] vector encodes a native-like
form of HBcAg which is present in both the cytoplasm and the
nucleus (Fig. 1). This is consistent with the observed 21-kDa
molecular mass in transduced cells (40) and with observations
from HBV-infected humans (2, 28). In contrast, the HBe[SA2]
retroviral vector-producing cells secrete HBeAg into the cul-
ture supernatant (Fig. 1). However, a retained form can be
detected in granules in the cytoplasm and most likely is the p25
precursor protein, since a 25-kDa protein with HBc/eAg anti-
genicity could be detected by Western blot (Fig. 1 and unpub-
lished data). The HBc-NEO[6A3] fusion protein appears to be
restricted to the cytoplasmic compartment and does not show
a clear nuclear staining as observed for native HBcAg (Fig. 1).
This fusion protein shows a molecular mass of 50 kDa in
Western blot (40).

Irrespective of the cell line used, proteins encoded by the
three different retroviral vectors are consistently located in
either the intracellular or both intra- and extracellular com-
partments (Fig. 1 and data not shown). In analysis of the
HBc/eAg expression of the DA vector producer cell clones by
EIA (Sorin), both the HBc[3A4] and the HBc-NEO[6A3] ret-
roviral vectors produce mainly intracellular proteins, since they
are detected in the cell lysate at levels 10 to 100 times higher
than in the culture supernatants. In contrast, the HBe[5A2]
retroviral vector produces both the secreted mature HBeAg
and the intracellular p25 precursor, as detected by histological
staining (Fig. 1). This further confirms the different subcellular
localization of the proteins expressed by the three retroviral
vectors independent of the transduced target cell.

Antibody responder status in relation to MHC. The three
retroviral vectors were injected i.m. at weeks 0, 2, and 4 into
panels of B10, H-2 congenic mice. The mice were bled every
second week for 8 weeks. As shown in Fig. 2, the antibody
responder or nonresponder status is H-2 restricted after injec-
tion with the different HBc/eAg retroviral vectors.

The best antibody responders to the HBc[3A4] retroviral
vector were found to be the H-2°, H-2', and H-2” haplotype
mice, which all developed low levels of anti-HBc 4 to 6 weeks
after the first injection. No B10.BR (H-2*) or B10.S (H-2*)
mice produced anti-HBc (Fig. 2).

With the HBe[5A2] retroviral vector, a rapid anti-HBe re-
sponse was detected 2 weeks after the first immunization in the
H-2°, H-?, H-2°, and H-2° haplotype mice. The H-2¢ mice
developed low levels of anti-HBe only after the third injection,
whereas none of the three B10.BR (H-2%) mice developed
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Detection of HBc/eAg by EIA (Sorin)

Ag source A)DA B) DA-HBc[3A4] C) DA-HBc[S5A2] D) DA-HBc/neo|6A3)]
Supernatant <0.1 ng/ml 1.5 ng/ml 706 ng/ml 5.9 ng/ml
Lysate <0.1 ng/mi 617 ng/ml 904 ng/ml S51 ng/ml

FIG. 1. Hematoxylin and immunostaining of the DA-B-galactosidase (a), DA-HBc[3A4] (b), DA-HBe[5A2] (c), and DA-HBc-NEO[6A3] (d) producer cell lines
for HBcAg and HBeAg using peroxidase-labelled rabbit anti-HBc/e (Dako). Also indicated is the detection of HBcAg and HBeAg in the supernatants and cell lysates
of the DA producer cell lines. One hundred microliters of supernatant or 10° lysed cells were assayed together with a standard dilution of HBcAg in a commercial
HBeAg EIA (Sorin Biomedica). Values are given as nanograms of HBc/eAg per milliliter.

anti-HBe, similar to the low-responder or nonresponder status spite the similar cellular localization (Fig. 2). Within 4 to 6
observed for the HBc[3A4] retroviral vector. weeks after the first injection, only H-2 haplotype mice im-

The humoral responses to the HBc-NEO[6A3] vector were munized with the HBc-NEO[6A3] vector developed antibodies
significantly different from those to the HBc[3A4] vector de- to HBcAg and/or HbeAg (anti-HBc/e) (Fig. 2). Low levels of
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FIG. 2. (a to c¢) Humoral responses to retrovector immunization in B10
congenic mice of six haplotypes. Mice were injected at week 0 and week 2 with
200 pl of retrovector i.m., and each bar represents bleeds at week 2 (1°) and week
4 (2°). All sera were tested at six fourfold dilutions starting at 1:40. The mice
immunized with the HBc[3A4] vector were analyzed with HBcAg as the solid-
phase antigen, whereas HBeAg was used for the other two groups of mice
(HBe[5A2] and HBc-NEO[6A3]). Each value represents a mean of the endpoint
titers of a group of three mice. A reaction was considered positive if it exceeded
the optical density of a nonimmunized mouse by three times. (d to f) Isotypes of
anti-HBc and anti-HBe at 6 weeks following first retrovector immunization. Each
value represents the endpoint titer of pooled sera from a group of three mice.
Endpoint titers were determined as described for total IgG.

anti-HBc/e were detected in other haplotypes at week §, 2
weeks after the third injection (data not shown).

Antibody specificity and IgG isotypes induced by immuni-
zation with retroviral vectors. All sera collected from the three
B10, H-2 congenic panels were evaluated to further confirm
the specificity for HBcAg and/or HBeAg. The assays were
designed with a suboptimal amount of antigen on the solid
phase to better discriminate between anti-HBc and anti-HBe
specificity. The HBc[3A4] vector clearly induced antibodies
with HBcAg specificity in the H-2° and H-2 haplotype mice
(data not shown). In contrast, the HBe[SA2] vector, which
upon transduction induces secretion of HBeAg, clearly elicited
anti-HBe in the H-2°, H-2/, H-2", and H-2° haplotype mice.
Therefore, both the HBc[3A4] and the HBe[5A2] vectors in-
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duced antibody specificities similar to those observed in HBV-
infected humans (5, 9, 34).

Not surprisingly, the HBc-NEO[6A3] fusion retroviral vec-
tor induced antibodies which were highly cross-reactive against
both rHBcAg and HBeAg-9.6. They did not show the classical
anti-HBc-like pattern, and the reactivity was more indicative of
an anti-HBe-like recognition. This is most likely explained by
the nature of the HBc-NEO[6A3] fusion protein, which prob-
ably does not assemble into capsids, which is an important
structural feature for the antigenicity of native HBcAg (29, 37).

With respect to the HBc[3A4] retroviral vector, all IgG iso-
types of anti-HBc were detected except for 1gG3 (Fig. 2). In
the H-2? and H-2” haplotypes IgG2b was predominant, where-
as IgG2a was predominant in H-2" mice. With rHBcAg in the
adjuvant as the immunogen, IgG2b is most often the dominant
isotype in H-2°, H-2*, and H-2° haplotype mice (reference 20
and unpublished observations).

The response to the HBe[SA2] retroviral vector showed an
MHC-dependent IgG isotype distribution of the anti-HBe an-
tibodies produced (Fig. 2). The anti-HBe IgG1 subclass was
predominant in the H-2°, H-2, H-2/, and H-2" haplotype mice,
whereas anti-HBe IgG2a was predominant in the H-2° haplo-
type mice and in one H-2* mouse producing antibodies to the
HBe[5A2] retroviral vector (data not shown). Previously the
H-2" haplotype has been shown to be a predominantly Th2-like
responder to HBc/eAg and the H-2° haplotype has been shown
to be a mainly Thl-like responder (24). The present data on
the isotype distribution using the HBe[SA2] retroviral vector
correlate well to the reported influence of Th-cell phenotype
on IgG subclass distribution observed following immunization
with recombinant HBc/eAg (25, 38).

With respect to the HBc-NEO[6A3] vector, all I]%G isotypes
with the exception of IgG3 were produced in H-2° haplotype
mice (Fig. 2). In the other haplotype mice mainly anti-HBc/e
IgG1 could be detected after a third injection (data not
shown).

HBc/eAg-specific Th-cell priming induced by retroviral vec-
tor immunization. To directly compare the level of Th-cell
priming by the HBc/eAg-encoding retroviral vectors to the
level of Th-cell priming induced by recombinant HBc/eAg
(rHBc/eAg) in adjuvant, groups of three to four C3H/He (H-
2%) mice were immunized in the footpads. As shown in Fig. 3,
the level of Th-cell priming is more efficient by rHBcAg-com-
plete Freund’s adjuvant immunization than by either HBc
[3A4] or HBc-NEO[6A3] immunization. Neither of the two
retroviral vectors is able to prime Th cells which are efficiently
recalled by the synthetic Th-cell site defined by residues 111 to
130 of HBc/eAg. These data indicate that the limited level of
HBc/eAg Th-cell priming may explain the comparatively weak
humoral responses following retroviral vector immunization.
Moreover, proliferation could be blocked by addition of mono-
clonal anti-CD4 antibody (GK1.5; ATCC TIB207) but not by
monoclonal anti-CDS8 antibody (2.43; ATCC TIB210) in the in
vitro cultures (data not shown), confirming CD4"/CD8" cells
as the proliferating phenotype.

The cytokine phenotype of the polyclonal HBc/e Ag-specific
Th-cell response following immunization with the HBc-
NEOJ[6A3] retroviral vector was evaluated. Groups of three
B10.BR (H-2Y) and B10.S (H-2*) mice were primed and
boosted with a total dose of 200 wl of HBc-NEO[6A3] in the
hind footpads. Both splenic and LN HBc/eAg-specific Th cells
were analyzed with respect to the recall cytokine profiles. In
vivo-primed HBc/eAg-specific Th cells from both haplotypes
predominantly produced IL-2 and IFN-y on recall with rHB-
cAg (Fig. 4). The cytokine profiles were reiterated when the
cytokine mRNA expression was determined by PCR (data not
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FIG. 3. Comparison of HBc/eAg T-cell priming efficiency by s.c. injections in
the hind footpads of 10 wg of rHBcAg in complete Freund’s adjuvant (CFA) (a),
2 X 100 pl of HBc[3A4] (b), or 2 X 100 pl of HBc-NEO[6A3] (c). Groups of
three C3H (H-2) mice were primed (retroviral vector-immunized mice were
boosted 5 days later) and sacrificed 9 to 11 days later. Draining LNs were
harvested, and single-cell suspensions were cultured for 96 h in the absence or
presence of the indicated antigens. Values are given as the counts per minute
with antigen with subtraction of the mean counts per minute of wells without
antigen (3CPM). [3H] TdR, [*H]thymidine.

shown). This indicates that predominantly Th1-like HBc/eAg-
specific Th cells are induced by immunization with the HBc-
NEO[6A3] retroviral vector, as previously suggested by the
efficient production of anti-HBc/e IgG2a observed in H-2*
mice (Fig. 2). However, the low level of HBc/eAg Th-cell
priming induced by either of the retroviral vectors may by itself
exclude the activation of possibly low-affinity HBc/e Ag-specific
Th2-like cells (25). Although the H-2° haplotype has been
shown to be a predominantly Thl-like responder to HBc/eAg,
splenic IL-4 can usually be detected at low levels following
immunization with rHBcAg in adjuvant (24). This may further
indicate that the lack of IL-4 production is an additional sign of
a comparatively low level of Th-cell priming following retrovi-
ral vector immunization. Further evidence for the compara-
tively low Th-cell priming might be the absence of antibodies
to the HBc-NEO[6A3] retroviral vector in any haplotype other
than H-2“. Interestingly, despite the ability of the HBc-
NEOJ[6A3] retroviral vector to induce HBc/eAg-specific Th-
cells in H-2° mice after two injections, antibodies were not
detectable until a third injection was given (data not shown).
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This may be due to the intracellular localization of this trans-
lation product.

To further characterize the phenotype of the primed T cells,
additional studies were performed using the HBe[SA2] retro-
viral vector to immunize mice of the H-2" and H-2* haplotypes,
since both these haplotypes were high antibody responders to
this vector. Previous studies using immunization with rHBcAg
in adjuvant have shown that in H-2” haplotype mice a predom-
inantly Th2-like HBc/eAg-specific splenic response is ob-
served, whereas H-2° haplotype mice are predominantly Th1-
like responders (24). Groups of four H-2” and H-2* mice were
primed and boosted i.m. with 2 X 107 CFU of the HBe[5A2]
retroviral vector. Both LN and splenic proliferative responses
were detected in both strains (Fig. 5). Only low levels of IL-2
could be detected in culture supernatants (data not shown).
The phenotype of in vivo-primed and in vitro-recalled HBc/
eAg-specific splenic T cells was therefore determined by de-
tection of cytokine mRNA expression by PCR. As shown in
Fig. 5, IL-2 and IL-4 mRNA expression is recalled by HBcAg
in B10 splenocytes, whereas mainly IL-2 and IFN-y mRNA
expression is detected in H-2° splenocytes. Since the Th-cell
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FIG. 4. Cytokine profiles of B10.BR (H-2%) (a to d) and B10.S (H-2°) (e to h)
T cells primed by the HBc-NEO[6A3] retroviral vector. Groups of three mice
were primed and boosted 3 days later with 2 X 50 pl of vector in the hind
footpads. Seven days later splenic and LN T cells were harvested and cultured in
the absence or presence of rHBcAg for 24 to 96 h as described in Materials and
Methods. [3H] TdR, [*H]thymidine.
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FIG. 5. Proliferative (a and b) and cytokine (c) responses to rHBcAg of B10
(H-2P) and B10.S (H-2°) LN and splenic T cells following immunization with the
HBe[5A2] retroviral vector. Mice were primed and boosted in the hind footpads
as described in the legend to Fig. 3. Proliferation was determined at 96 h, and
cytokine mRNA was extracted from splenic 48-h cultures as described in Mate-
rials and Methods.

cytokine phenotype has been found to influence IgG heavy-
chain switching (38), the present cytokine data correlate well
with the IgG isotypes of anti-HBe detected in HBe[SA2]-im-
munized H-2" (predominantly IgG1) and H-2° (predominantly
IgG2a) mice. Altogether, despite less efficient Th-cell priming,
immunization with the HBe[5A2] retroviral vector primes sim-
ilar, MHC-dependent, Th-cell cytokine phenotypes, as does
immunization with rHBc/eAg in adjuvant.

To exclude the influence of exogenous HBc/eAg carried
over from the DA producer cell clone supernatants, control
experiments were performed. The formulated HBe[5A2] ret-
roviral vector preparation contained levels of HBc/eAg (80
ng/ml) 40- to 100-fold higher than the other vector prepara-
tions as determined by HBc/eAg EIA (Sorin). Therefore, a
portion of the HBe[5A2] retroviral vector preparation was heat
inactivated for 30 min at 56°C, which does not affect the anti-
genicity of HBeAg, prior to injection in two H-2" mice. Two
H-2" mice immunized with untreated HBe[5A2] served as con-
trols. On in vitro recall, only splenocytes from the B10 mice
immunized with noninactivated HBe[SA2] showed prolifera-
tion and IL-2 production (data not shown). Thus, a total dose
of 400 pl of heat-inactivated HBe[5AZ2] retroviral vector (i.e.,
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32 ng of HBeAg) is insufficient to prime an in vitro-detectable
Th-cell response. Moreover, anti-HBe was not detected in the
mice given the heat-inactivated retroviral vector but was ob-
served in both mice given the untreated vector (mean titer,
960 = 452). This confirms that possible remnants of exogenous
HBc/eAg do not induce detectable responses.

Factors limiting humoral responses following retroviral vec-
tor immunization. Experiments were performed to determine
whether the amount of expressed antigen available for HBc/
eAg-specific B cells or the priming event of HBc/eAg-specific
Th cells limits the magnitude of the humoral response follow-
ing retroviral vector immunization. These studies were per-
formed with the H-2° haplotype since previous reports have
identified a synthetic T-cell site, residues 129 to 140 of HBc/
eAg, which effectively primes helper T cells but which does not
induce antibodies cross-reactive with HBeAg (21). Groups of
two to three B10 (H-2") mice were primed with 100 pg of the
H-2"-restricted HBc/eAg-specific Th-cell peptide in incom-
plete Freund’s adjuvant 9 days prior to retroviral vector im-
munization. An equal number of non-peptide-primed vector-
immunized B10 mice served as controls.

Independent of the retroviral vector used to immunize H-2°
mice, it is clear that the amount of antigen expressed in vivo
and accessible to B cells is not limiting, since peptide-primed
mice (with an excess of HBc/eAg-specific Th cells) showed
more rapid, higher-titer, and longer-lived anti-HBc/e re-
sponses compared to responses in the control mice (Fig. 6).
The mice primed with the Th-cell-specific peptide showed high
levels of anti-HBc/e persisting for more than 10 weeks. Obvi-
ously, a single injection of the HBe[SA2] retroviral vector does
not prime HBc/eAg Th cells as efficiently as a protein or pep-
tide in adjuvant. However, in the presence of a nonlimiting
source of HBc/eAg-specific Th cells, the retroviral vectors pro-
duce sufficient antigen in vivo to engage B cells and maintain a
long-lived humoral response.

Both the HBc[3A4] and HBc-NEOJ[6A3] retroviral vectors
induced lower levels of specific antibodies than the HBe[SA2]
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FIG. 6. Antibody responses in B10 (H-2?) mice following immunization with
the HBc[3A4], HBe[5A2], and HBc-NEO[6A3] retrovectors can be enhanced by
prior priming with a synthetic Th-cell site corresponding to residues 129 to 140
of HBc/eAg. Groups of two to three mice were primed with 100 g of peptide in
incomplete Freund’s adjuvant 9 to 11 days prior to retrovector immunization.
The mice were bled prior to retrovector immunization and each week for 6 weeks
thereafter. An equal number of mice receiving only the retrovector immuniza-
tion served as controls. Endpoint titers were determined as described for Fig. 2.
Each value represents a mean of the endpoint titers of a group of two to three
mice.
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retroviral vector in the presence of unlimited HBc/e Ag-specific
T-cell help (Fig. 6). Since both HBcAg and HBc-NEO proteins
are localized mainly to the intracellular compartment, not only
the level of Th-cell priming limits these responses but also the
amount of antigen readily accessible to B cells is a factor. The
persisting anti-HBc levels produced to the HBc[3A4] retroviral
vector suggest that low levels of HBcAg continuously leave the
cell. This is highly consistent with studies in HBcAg transgenic
mice in which the transfer of HBcAg-specific Th cells induces
anti-HBc in the absence of liver damage or an exogenous
source of HBcAg (18).

Additional experiments were performed to evaluate why
only H-2¢ mice produced antibody following immunization
with the HBc-NEO[6A3] retroviral vector. Note that only H-2*
mice are CTL responders following HBc-NEO[6A3] retroviral
vector immunization (40). B10.BR (H-2*) mice were depleted
of CD8" T cells in vivo by using 0.5 mg of the anti-CD8
monoclonal antibody. In a control group B10.BR mice were
given equal doses of rat IgG. Three days after the initial i.p.
injection of anti-CD8, both groups were primed by i.m. injec-
tion with 2 X 107 CFU of HBc-NEO[6A3]. The mice were
boosted 1 week later with an equal dose. The depletion was
maintained by weekly injections of 0.1 mg of anti-CDS8
throughout. The depletion of CD8* cells completely abro-
gated the induction of both HBc/eAg-specific antibodies and
CTL 4 weeks after the first immunization, suggesting that HBc/
eAg-specific CTL are needed for the release of antigen in
sufficient amounts to prime antibody production. In the mock-
treated control group, all mice had detectable HBc/eAg-spe-
cific antibodies (mean anti-HBc/e titer, 570 = 321) and CTL
(mean lysis of HBcAg-expressing LM cells above background
17.3% = 3.2% at 100:1 effector/target ratio).

DISCUSSION

Little is known about the behavior of retroviral and DNA-
based vectors as immunogens with respect to how efficiently
the different branches of the immune system are primed. Sev-
eral studies have documented the efficiency by which retroviral
vectors prime antigen-specific CTL (10, 13, 40). This is, with
few exceptions (37), a unique feature of genetic immuniza-
tions, since endogenously produced antigen is inevitably intro-
duced into the class I antigen processing pathway. However,
with respect to the basis of the humoral and Th-cell responses,
the efficacy of genetic immunizations has been less well char-
acterized and explored.

Using the three retroviral vectors encoding different forms
of HBc/eAg as immunogens, our study indicated that the form
of HBc/eAg, the localization of the expressed protein, and the
MHC of the host all have an influence on the immune re-
sponse. When rHBc/eAg is used in adjuvant as the immuno-
gen, a hierarchy can be found in the level of the humoral and
CD4" cellular responses (23). High humoral responders to
rHBcAg are the H-27, H-2*, and H-2* haplotypes; intermediate
responders are the H-2° and H-2" haplotypes; and H-2” is the
only low responder (23). This hierarchy was reiterated when
the Th-cell priming to the same antigen was determined (23).
As shown herein, the same hierarchy could not be observed
with retroviral vector immunization with different forms of
HBc/eAg. In contrast, the high responders to rHBcAg, the
H-29, H-2*, and H-2° mice, were all poor humoral responders
to the HBc[3A4] retroviral vector, whereas the intermediate or
low responder H-2°, H-2/, and H-2” haplotype mice were found
to be the best humoral responders to the HBc[3A4] retroviral
vector.

Furthermore, the good responders to the HBe[5A2] retro-
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viral vector were low or intermediate responders to rHBc/eAg
in adjuvant (23), with the exception of the B10.S (H-2%) strain.
These discrepancies are not easy to explain, since many factors
could affect these responses. First, the presence of a CTL
response may limit the longevity of the protein expression in
the host such as in the H-2* haplotype. However, it should be
noted that in the H-2* haplotype mice HBc/eAg-specific CTL
seemed to be necessary for antibody responses to the HBc-
NEOJ[6A3] retroviral vector. This relation may be due to low in
vivo expression levels of HBc/eAg and may well change if
expression levels are increased. Second, since the hierarchy of
the rHBc/eAg-specific response was determined with injections
with 1 to 10 pg of antigen, a different hierarchy may be ob-
served from the substantially lower levels of antigen expressed
in vivo by the retroviral vectors. The affinity of the trimolecular
MHC-peptide-T-cell receptor complex may more profoundly
influence the response at these lower doses. Regardless of the
reason, it is obvious that this different route of immunization
induces a different hierarchy of responder status which is de-
pendent on both the molecular form and localization of the
antigen and the host MHC. Again, it cannot be excluded that
the hierarchies observed herein will change if the in vivo ex-
pression levels of the transferred gene is changed, as suggested
in a recent report (12). In fact, we now have preliminary evi-
dence that different types of pretreatment of the injection site
before retroviral vector- or DNA-mediated gene transfer en-
hance levels of expression and the subsequent humoral re-
sponses (1). Furthermore, an inherent difference with the ret-
roviral vector gene delivery system is that the retroviral
infection or transduction of the target cell may by itself induce
a certain type of host immune response and cytokine environ-
ment (i.e., IFN-y) which may influence the overall response to
the transferred gene.

In comparison to immunization with recombinant antigens,
it is clear that retroviral vector immunization alone is less
efficient in inducing humoral responses, with respect to both
the levels and the persistence of detectable antibodies. How-
ever, despite these obvious differences, the overall character-
istics of the responses are similar. The specificities of the in-
duced antibodies were similar to those observed after
immunization with recombinant proteins and in natural HBV
infection.

We could confirm that the level of Th-cell priming is less
efficient following immunization with retroviral vectors com-
pared to that following exogenous protein in adjuvant. How-
ever, the two responses are highly similar with respect to the
primed Th-cell phenotypes. Throughout this study we have
failed to detect Th2-like cytokines in recall culture superna-
tants. The presence of IL-4-producing HBc/eAg-specific Th
cells was detected only by cytokine mRNA expression by PCR.
This could indicate that immunization by retroviral vectors
preferentially primes Thl-like T cells, similar to observations
with naked DNA as the immunogen (30). However, an equally
likely explanation is that the T-cell priming by the retroviral
vector preferentially primes high-affinity Th1-like cells simply
due to the limited amount of antigen expression in combina-
tion with the absence of adjuvant. Higher in vivo expression
levels of antigen may also prime Th2-like cells. Further studies
with other gene delivery systems may resolve this question.

An interesting paradox is the responder or nonresponder
status of the H-2* haplotype depending on the retroviral vector
used for immunization. The H-2* haplotype was a nonre-
sponder to the HBc[3A4] and the HBe[SA2] vectors and a
responder to the HBc-NEO[6A3] retroviral vector in terms of
antibody responses. Also, we found that the humoral response
to the HBc-NEO[6A3] vector was dependent on the presence
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of CTL, possibly to release sufficient amounts of antigen. Thus,
this may imply that depending on the vector construct and the
expression levels, CTL is either a limiting or a beneficial factor
with respect to the humoral responses. However, peptide prim-
ing in CTL nonresponder H-2" mice prior to HBc-NEO[6A3]
retroviral vector immunization induced a clearly detectable but
short-lived humoral response, which suggests that a limited
amount of antigen leaves the cell in the absence of CTL. Also,
the fusion protein nature of the HBc-NEO[6A3] might influ-
ence the HBc/eAg-specific immune response.

The most striking observation was that the limited HBc/eAg-
specific Th-cell priming following retroviral vector immuniza-
tion hampered the humoral responses. Using either the
HBc[3A4], the HBe[5A2], or the HBc-NEO-NEO[6A3] retro-
viral vector, we found that the amount of antigen present in
vivo was not sufficient to elicit a high level of Th priming. A
prior injection of a synthetic Th-cell site greatly enhanced both
the levels and the persistence of anti-HBc and anti-HBe anti-
body responses in H-2° haplotype mice. However, it is unclear
whether it is the lack or absence of inflammation or low levels
of antigen that limits the Th-cell priming event. Thus, it seems
imperative to enhance the Th-priming event during retroviral
vector immunizations if humoral responses are desired. Also,
this implies that a combination of protein(s) or peptide(s) in
adjuvant and retroviral vector- or naked DNA-based immuni-
zations is desired if all branches of the specific immune re-
sponse are to be effectively primed. Again, we anticipate that
this may not be true for all antigen systems and will also be
dependent on the expression levels of the vector system used.

In conclusion, retroviral vectors encoding different forms of
HBc/eAg can effectively be employed to prime humoral re-
sponses. One significant limiting factor for the magnitude of
the HBc/eAg-specific humoral response is the level of Th-cell
priming. Thus, further studies are needed to determine the
nature of the retroviral vector-primed Th-cell population and
how it may be possible to enhance the Th-cell priming event.
However, for therapeutic purposes it may be safer and even
advantageous in some circumstances to elicit Th-cell and CTL
priming independently.
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